The aim of this study was to develop a microfluidic neuronal cell chip device to monitor the toxic effects of polychlorinated biphenyls (PCBs) on PC-12 neuronal cells. PCBs adversely influence the activities of neuronal cells in the nervous system. In PC-12 cells, the production and secretion of dopamine decreases in response to PCB exposure. The microfluidic device that we developed to measure the amount of dopamine by cyclic voltammetry is composed of a control layer, a fluidic layer, and a gold electrode-patterned glass wafer. The control channel in the control layer functions as a microvalve to control the flow of the fluidic channel in the fluidic layer. The fluidic layer consists of 3 reaction chambers as well as fluidic channels. Three electrodes, including the working electrode, counter electrodes, and a reference electrode, are placed in a fluidic chamber. The electrochemical signals of dopamine, either from a standard dopamine solution or from the culture supernatant from cultured PC-12 cells, were obtained using a fabricated microfluidic neuronal cell chip by cyclic voltammetry. When PCBs were added to cultures of PC-12 cells, the amount of dopamine secreted from the PC-12 cells decreased due to the reduced activity of PC-12 cells. The fabricated neuronal cell chip was capable of detecting the toxic effect of dopamine on neuronal cells at concentrations of 10 g/L and over. The practicality of the developed microfluidic neuronal cell chip was validated using river water spiked with PCBs.
INTRODUCTION
The term persistent organic pollutants (POPs) encompasses various organic substances that are harmful to the ecosystem.
1 Dichlorodiphenyltrichloroethane (DDT), mirex, aldrin, lindane, polyaromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins (PCDDs) and poly chlorinated dibenxofurans (PCDFs) are common POPs. 2 They enter living systems through dermal absorption, inhalation, and intake of contaminated soil and food. 3 POPs are toxic substances causing cancer, endocrine disruption, immune disorders, and neuronal impairment. 4 PCBs have a particularly dangerous effect on aquatic ecosystems. 5 In many commercial and industrial areas, PCBs were utilized to make lubricating oil, heat-exchange fluids, diluents, hydraulic fluids, and dielectric fluids for capacitors and transformers. [6] [7] Although PCBs have been banned in most countries of the world since the 1970s, the residue of PCBs produced and used in some third countries continues to threaten ecosystems and human health. 5 8 The main route of exposure to PCBs is by ingestion of contaminated sea food. 3 PCBs cause irregular menstruation, sensory deprivation, and various cancers. Therefore, many researchers have investigated the toxicity of PCBs. [9] [10] Pereira and Rao monitored the toxicity of PCBs by using rats. One group of male and female rats was fed normal rodent chow and water, while the other group was fed a diet mixed with PCBs dissolved in corn oil. The PCB-consuming rats had larger livers, and they showed hepatotoxicity and hepatomegaly. 11 In another study, Costa et al. assessed the viability of neuronal cells cultured in a medium with PCBs by using the MTT (3-[4,5-dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium bromide) assay and measured the proportion of living and dead cells by the Trypan blue exclusion assay. 12 Gichner et al. found that tobacco plants in grown in PCB-contaminated soil were less developed than those grown in non-contaminated soil because of serious DNA damage. 13 However, these methods required complicated processes to estimate the toxicity, and the estimates obtained were indirect. Thus, this study focused on the development of a direct and simple method for assessing toxicity with a neuronal cell chip on a microfluidic device.
Microfluidic devices are powerful tools for analytical chemistry, biology, diagnostics, and biomedical research. [14] [15] Several microfluidic devices have been developed to detect glucose, 16 dopamine, catechol, 15 and bacteria. 17 Cell-to-cell signal transfer was investigated using a microfluidic device, whose dimensions approximated those of the cell. 18 Microfluidic devices can be miniaturized and integrated, thereby affording advantages such as easy handling, portability, short operating time, low cost, reduced consumption of sample and reagents, and high sensitivity. 16 19-21 Among electrochemical analysis systems, cyclic voltammetry (CV) is widely used to measure electric signals. [22] [23] An electrochemical analysis tool using CV has been applied to measure the levels of harmful chemicals such as polyphenol, 24 phenothiazine, 23 and bisphenol-A. 25 PC-12 cells, derived from rat pheochromocytoma, can synthesize acetylcholine, catecholamines, and norepinephrine and have been used to explore exocytosis in electrochemical studies. 26 Dopamine, one of the catecholamines produced by PC-12 cells, is an important neurotransmitter in the central nervous system, [27] [28] [29] and is regarded as a good indicator of the physiological status of neuronal cells. Therefore, the neurotoxicity of specific chemicals can be monitored by measuring the amount of dopamine secreted from PC-12 cells.
In this study, we fabricated a neuronal cell chip based on a microfluidic device and used it to monitor the toxic effects of PCB-contaminated samples on the physiological status of neuronal cells (PC-12). Since active PC-12 cells produce dopamine, the biological activity of PC-12 cells in a cultivating chamber was evaluated by measuring the dopamine concentration using CV on a microfluidic device. This microfluidic device, which is prepared using a nano-fabrication technique, can detect extremely low concentrations of dopamine. Since the intracellular messenger is delivered to the neural signal system within several seconds of exposure to a toxicant, the microfluidic device is suitable for exploring the nervous reactions of animals to environmental toxicants. A microvalve system of fluidic channels and control channels allows sequential operation of the analysis procedure on a microfluidic chip. Multiple reaction chambers in a single microfluidic chip can monitor numerous samples simultaneously. Dulbecco's modified eagle medium (DMEM, LM 001-07) and trypsin-EDTA solution (LS 015-01) were obtained from WelGENE (Daegu, Korea). Penicillin-streptomycin (P/S, 15140163) was supplied by Gibco (Grand Island, NY, USA). The river water used to prepare spiked samples was collected from the Anseong River, Gyeonggi-Do, Korea.
Fabrication of the Microfluidic Device PDMS, which is the common substrate for microfluidic devices due to its high chemical and mechanical stability, was used to make neuronal cell chip devices. 30 This polymer also shows good biochemical compatibility and a low cost of disposal. 31 The PDMS and hardener were mixed in ratios of 10:1 for control layers and 20:1 for fluidic layers. The control layer and the fluidic layer were fabricated using PR-patterned control wafer and fluidic wafer, respectively. The dimension of the control channel was 103 (width) × 15 (height) m, and that of the fluidic chamber was 300 (width) × 300 (length) × 21 (height) m. The control layer was aligned onto the fluidic layer, and they were placed on the gold microelectrode patterned glass wafer as shown in Figure 1 . The fabricated microfluidic device and the experimental arrangement, composed of control channels, fluidic channels, 3 reaction chambers, and microelectrodes, are shown in Figure 2 . The fluidic reaction chamber was placed on the gold microelectrode patterned wafer, and the control channel was positioned on the fluidic channel. By increasing pneumatic pressure in the control channel, the diaphragm between the control and fluidic channels expanded into the fluidic layer to close the fluidic channel. 
Cultivation of PC-12 Cells in the Microfluidic
PDMS is molded on the wafer, and (f) PDMS is peeled from the fluidic channel patterned silicon wafer. The fabrication of control layer: (g) SU-8 PR is patterned on the control silicon wafer, (h) PDMS is molded on the control silicon wafer, (i) PDMS is peeled from the control silicon wafer, and (j) the control layer is punched. Bonding the control and fluidic layer on the gold microelectrode patterned glass wafer: (k) the control layer is aligned on the fluidic layer, (l) combined layer is punched, and (m) combined layer is aligned on the gold microelectrode-patterned glass wafer.
channel to fill the reaction chamber with a mixture of PC-12 cells and medium while the x-directional fluidic channels were closed by a microvalve. Then, all microvalves were closed and the PC-12 cells were cultured in a 5% CO 2 incubator at 37 C for 36 h.
Experimental Procedure for Detection
The standard dopamine solutions (dopamine dissolved in DMEM) were assessed using CV for dopamine concentrations of 4, 6, and 8 M. The dopamine secreted from active PC-12 cells in the neuronal cell chip was measured using CV at 12-h intervals for 36 h after culture was begun. When the cultivation of PC-12 cells in reaction chambers was completed, the consumed medium in each reaction chamber was changed with sample solutions containing 0.1, 1, 10, and 100 g/L of PCBs by injecting a mixture of sample and fresh medium (1:1 volume ratio) through the x-directional channel while the y-directional channel is closed. After the solutions of all reaction chambers were completely changed, PC-12 cells were further cultivated in a 5% CO 2 incubator. The activity of PC-12 cells was monitored at 12-h intervals for 36 h. Lastly, a spiked sample of Anseong River water was tested using the fabricated microfluidic device to validate its feasibility in field applications.
RESULTS AND DISCUSSION

Measurement of the Standard Dopamine Solution
This study was aimed to measure the toxicity of PCBs on neuronal cells by detecting dopamine secreted from PC-12 cells. Dopamine is a redox chemical; hence, it can be measured using CV. Prior to PC-12 cell cultivation experiments, standard dopamine solutions of 4, 6, and 8 M were examined to confirm the performance of the fabricated microfluidic device in dopamine detection. Figure 3 shows the electric current changes of samples according to various dopamine concentrations. As the dopamine concentration of the solution increased, the electric current changes in high and low peaks increased in proportion, confirming the dopamine-detecting capability of the microfluidic device. electric current changes in high and low peaks in the CVs in Figure 4 (a). As time passed, the current change between the peaks increased, and the electric current change from 12 to 24 h increased rapidly; however, the electric current change from 24 to 36 h was relatively low due to lower growth rate. From this observation, it is apparent that PC-12 cells were activated, that dopamine secretion increased over time, and that an analysis time of 36 h is sufficient to obtain meaningful experimental data.
Measurement of PC-12 Cell Activity in Culture Experiments
Effect of PCBs on the Activity of PC-12 Cells
The effect of PCBs on PC-12 cells was measured by introducing sample solutions of PCBs into the microfluidic device after stabilized cultivation of PC-12 cells for 36 h. Control solutions without PCBs and samples containing PCBs were injected into different reaction chambers of the microfluidic device for comparison. When the samples were injected into the reaction chambers, the fluidic channels between chambers had to be closed to prevent cross flow between chambers. The control solution was prepared by mixing fresh medium and distilled water in the same volumetric ratio, and sample solutions were prepared by mixing fresh medium and PCB solutions instead of distilled water. The electric current changes were monitored every 12 h for 36 h with sample solutions of 0, 0.1, 1, 10, and 100 g/L concentrations of PCBs to demonstrate the effect of PCBs on PC-12 cell activity. The data from this experiment are shown in Figure 5 . The electric current changes in control solution increased steadily, since the PC-12 cells were growing continuously. In the 0.1 and 1 g/L PCB samples, the electric current changes were similar to that of the control solution, suggesting that PC-12 cells were not affected by low concentrations of PCBs. In contrast, the electric current changes in 10 and 100 g/L PCB samples decreased after 12 h, demonstrating that the activity of PC-12 cells was negatively influenced by relatively high concentrations of PCBs due to the toxic effect of PCBs on PC-12 cells.
It is important to detect low environmental concentrations of PCB residues, since the Korean Ministry of Environment stipulates an effluent quality standard of 3 g/L. The neuronal cell chip is based on a microfluidic device that can successfully detect the toxic effect of 10 g/L PCB samples. However, it is difficult to measure the exact concentration of PCBs. In comparison with the experimental results for 10 and 100 g/L PCB samples, the electric current changes between 10 and 100 g/L PCB samples were meaningless. Therefore the proposed neuronal cell chip system has potential as a toxicity assessment tool in conjunction with a threshold detection level, but not as a quantitative analysis tool.
Toxicity Assessment of the Spiked Sample
To validate the feasibility of field application, the fabricated neuronal cell chip system was used to measure the toxicity of PCBs by using a spiked sample (10 g/L PCBs) of raw Anseong River water to culture PC-12 cells. The electric signals from the PC-12 cells were monitored (Fig. 6) . The electric signal of the microfluidic device increased continuously over time. However, the signal from the samples spiked with 10 g/L PCBs did not increase significantly. Thus, the feasibility of the proposed toxicity assessment system using a neuronal cell chip on a microfluidic device was validated.
CONCLUSION
The microfluidic device on a gold microelectrode patterned glass wafer was developed to electrochemically monitor the toxic effect of PCBs on PC-12 neuronal cells. The electrochemical signals from the microfluidic device were measured by CV. To confirm its ability to detect dopamine, the microfluidic device was tested with standard dopamine solutions of various concentrations. The microfluidic device monitored the activity of PC-12 cells by detecting the dopamine secreted by PC-12 cells. The fabricated microfluidic neuronal cell chip was then used to detect toxic effect of PCBs, in concentrations ranging from 0-100 g/L, on PC-12 neuronal cells. The microfluidic neuronal cell chip was capable of detecting the toxic effect of PCBs on PC-12 cells at concentrations of ≥10 g/L. The fabricated chip system was successfully applied to detect the toxicity of PCBs in the spiked sample of river water containing 10 g/L PCBs, thereby validating its feasibility in field application. Hence, these results show that the microfluidic neuronal cell chip is an excellent tool to detect the biological toxic effect of POPs with high sensitivity. 
